One of the major routes of transmission of rickettsial and ehrlichial diseases is via ticks that infest numerous host species, including humans. Besides mammals, reptiles and amphibians also carry ticks that may harbor Rickettsia and Ehrlichia strains that are pathogenic to humans. Furthermore, reptiles and amphibians are exempt from quarantine in Japan, thus facilitating the entry of parasites and pathogens to the country through import. Accordingly, in the current study, we examined the presence of Rickettsia and Ehrlichia spp. genes in ticks associated with reptiles and amphibians originating from outside Japan. Ninety-three ticks representing nine tick species (genera Amblyomma and Hyalomma) were isolated from at least 28 animals spanning 10 species and originating from 12 countries (Ghana, Jordan, Madagascar, Panama, Russia, Sri Lanka, Sudan, Suriname, Tanzania, Togo, Uzbekistan, and Zambia). None of the nine tick species are indigenous in Japan. The genes encoding the common rickettsial 17-kDa antigen, citrate synthase (gltA), and outer membrane protein A (ompA) were positively detected in 45.2% (42/93), 40.9% (38/93), and 23.7% (22/93) of the ticks, respectively, by polymerase chain reaction (PCR). The genes encoding ehrlichial heat shock protein (groEL) and major outer membrane protein (omp-1) were PCR-positive in 7.5% (7/93) and 2.2% (2/93) of the ticks, respectively. The p44 gene, which encodes the Anaplasma outer membrane protein, was not detected. Phylogenetic analysis showed that several of the rickettsial and ehrlichial sequences isolated in this study were highly similar to human pathogen genes, including agents not previously detected in Japan. These data demonstrate the global transportation of pathogenic Rickettsia and Ehrlichia through reptile-and amphibian-associated ticks. These imported animals have potential to transfer pathogens into human life. These results highlight the need to control the international transportation of known and potential pathogens carried by ticks in PLOS ONE |
Introduction
Members of the genera Rickettsia and Ehrlichia are obligate intracellular bacteria belonging to the order Rickettsiales, in the Rickettsiaceae and Anaplasmataceae families, respectively. The reported incidence of rickettsial disease is increasing worldwide because of increased public health concern and improvement in diagnostic technology [1] . Rickettsial and ehrlichial diseases are often transmitted by ticks. Ticks carrying pathogens can infest a variety of hosts, including domestic animals as well as humans [2] ; therefore, tick-borne disease is an important concern in both human and veterinary medicine. As the pathogens and ticks both exhibit differential host affinity [2] , identification of relationships among the pathogenic microbes, ticks, and animals is important in understanding the occurrence of rickettsial and ehrlichial disease.
Reportedly, Rickettsia-carrying reptile-associated ticks can be pathogenic to humans [3] [4] [5] [6] . Rickettsia honei, which is the causal agent of Flinders Island spotted fever in Australia, is carried by Bothriocroton hydrosauri (formerly Aponoma hydrosauri) ticks, which feed on snakes and lizards [3] . Ixodes ricinus has a broad host range and can be found on certain lizards (Lacerta viridis); these ticks reportedly carry Anaplasma, Borrelia, and Rickettsia in central European populations [4] . In Poland, Anaplasmacetae and Borrelia have been detected in ticks collected from lizards (Lacerta agilis) [5] . Anaplasma phagocytophilum, which causes the potentially fatal tick-borne disease human granulocytic anaplasmosis, was isolated from multiple species of snakes and lizards in the United States [6] . Although there have been several global reports of reptile-associated ticks carrying members of the pathogenic Rickettsiaceae and Anaplasmataceae families, there has been no such information reported for Japan. Several ticks that infest reptiles also show affinity to amphibians, e.g., Amblyomma rotundatum [7] . Therefore, amphibians also have potential to carry or transfer pathogenic Rickettsiaceae and Anaplasmataceae.
Large numbers of exotic animals are currently imported into Japan, with at least 500,000 reptiles and 8,000 amphibians imported annually since 2004 (Trade Statistics of Japan [http:// www.customs.go.jp/toukei/]). Japan has quarantine regulations for animals that are potential reservoirs of infectious diseases, under the Rabies Prevention Law, Domestic Animal Infectious Disease Control Law, and Human Infectious Diseases Control Law. However, reptiles and amphibians are not subject to quarantine regulations in Japan; therefore, the parasites, microbes, and other pathogens carried by these imported animals can invade into the country and have potential to cause emerging infections. In the present study, we report the incidence of ticks carrying Rickettsia and Ehrlichia associated with reptiles and amphibians imported from other countries into Japan. We detected genes of known pathogens that have not been reported in Japan as well as new genes from organisms without pathogenic information.
Methods

Tick collection and host animals
Ticks were collected from snakes, tortoises, lizards, and frogs from July 2004 to May 2009 from the following sources: on-site in Japan at licensed pet stores with import permits; animals purchased from licensed suppliers or pet stores in Japan; and on-site in the country of origin when awaiting export. Ticks sourced from outside of Japan were ethanol-fixed prior to submission.
Any purchased animals were used in unrelated studies, and the rest remained at the source pet store or breeding facility. No specific permission was required under national regulations for performing noninvasive procedures such as tick collection in imported animals available for commercial purchase. This study did not use endangered or protected species.
The reptiles and amphibians originated from 12 countries (Republic of Ghana, Hashemite Kingdom of Jordan, Republic of Madagascar, Republic of Panama, the Russian Federation, Democratic Socialist Republic of Sri Lanka, Republic of the Sudan, Republic of Suriname, United Republic of Tanzania, Republic of Togo, Republic of Uzbekistan, and Republic of Zambia). The species and numbers of animals sampled are listed in Table 1 . Ticks were collected humanely by experienced personnel, with consideration of animal welfare. The collected ticks were then identified morphologically to determine species, sex, and developmental stage. For ticks that we were unable to identify morphologically, the tick mitochondrial 16S rRNA gene (mt-rrs) and 12S rRNA gene (12S rDNA) were sequenced to identify the species [8, 9] .
Polymerase chain reaction (PCR) and sequencing
From the dead ticks, total DNA of the whole body was extracted using the DNeasy tissue kit (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions. By contrast, the live ticks were dissected, and the salivary gland, mid-gut, and other unidentified tissues, presumably remnants of the excised organs, were individually subjected to DNA extraction.
The PCR primers used in this study are summarized in Table 2 . To detect Rickettsia species, the genus-common 17-kDa antigen gene (17-kDa antigen), citrate synthase gene (gltA), and spotted fever group (SFG)-specific 190-kDa outer membrane protein A gene (ompA) were targeted. The 17-kDa antigen primers are specific to the spotted fever and typhus group of Rickettsia [10] , gltA primer sequences were derived from R. prowazekii and targeted to all species of Rickettsia [11] , and the ompA primer sequences were derived from the reported R. rickettsii gene and targeted to the SFG Rickettsia [12] . For Ehrlichia species, the heat shock protein gene (groEL) and major outer membrane protein gene (omp-1) were used. The groEL primers target Ehrlichia sp. [13] , and the omp-1 primers are specific to the omp-1 multigene family of monocytic ehrlichiosis agents [14] . For Anaplasma, the gene encoding the outer membrane protein (p44) was used, and primers were designed based on the conserved regions of the multigene family p44 genes of A. phagocytophila [15] . PCR was performed as described previously [10] [11] [12] [13] [14] [15] . PCR amplicons were directly sequenced using the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA, USA) in an ABI prism 3130 Genetic Analyzer (Applied Biosystems). Sequenced DNA alignments were named in the following order: country of origin, tick species initials, serial number allocated in the study, and genus (-R for Rickettsia and -E for Ehrlichia). For the dissected tick samples, miscellaneous tissues without the salivary gland and mid-gut were labeled "O," salivary glands were labeled "S," and the mid-gut was labeled "M." Sequenced data were assembled using ATCG software (Genetix, Tokyo, Japan), and the identifications were compared with the GenBank database using the BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Accession numbers
The DNA sequences were deposited into the DNA Data Bank of Japan (DDBJ), and accession numbers were obtained as listed in S1 and S2 Tables.
Phylogenetic analysis
Phylogenetic analysis was performed using CLUSTAL-W with MEGA5.2.2 software (www. megasoftware.net) [16] . The phylogenetic tree was constructed using the neighbor-joining Table 1 . Tick population, host species, and PCR detection rates of the rickettsial genes. Hyalomma aegyptium
Hyalomma aegyptium method, and bootstrap tests (1000 replicates) were carried out according to the Kimura 2-parameter method [17] . Pairwise alignments were performed with an open-gap penalty of 10 and a gap extension penalty of 0.5. Multiple alignments were also performed using the same values. All positions containing alignment gaps and missing data were eliminated during the pairwise sequence comparison (pairwise deletion). 
Results
Ticks and host animals
A total of 93 ticks spanning nine species were collected from at least 28 animals of 10 species. Tick information, host species, and origin countries are summarized in Table 1 . All ticks were found attached and feeding on the animals.
Rickettsia and Ehrlichia within ticks detected by PCR
The rickettsial genes 17-kDa antigen, gltA, and ompA were detected in 42, 38, and 22 ticks, respectively (Table 1) . Except in ticks originating from Russia, 2 or 3 of the rickettsial genes were co-detected. The Ehrlichia omp-1 and groEL genes were detected in 2 and 7 ticks, respectively ( Table 1 ). The Anaplasma p44 gene was not detected in any sample. The negative controls for all PCRs were negative. A snake (Python regius) from Ghana had two tick species (Amblyomma latum and Amblyomma transversale), and only A. transversale was PCR-positive for Rickettsia genes. The tick A. latum was also carried in the same snake species from Togo, and this tick species was PCR-negative for all genes tested. Snakes (Boiga forsteni) from Sri Lanka sampled from a single breeding facility had one tick species (Amblyomma trimaculatum), which were PCR-positive for Rickettsia. Tortoises (Geochelone paradalis) from Africa all carried the same tick species (Amblyomma sparsum), but only ticks from Zambia were PCR-positive for both Rickettsia and Ehrlichia. Tortoises from Jordan, Geochlelone elegans and Testudo graeca, carried the ticks Amblyomma clypeolatum and Hyalomma aegyptium, respectively; Rickettsia was positively identified in both tick species, but Ehrlichia was only positive in H. aegyptium. Tortoises (Testudo horsfieldii) from central Asia carried a single tick species (H. aegyptium), which was PCRpositive for Rickettsia. A gecko (Phelsuma dubia) from Madagascar had an A. latum tick that was PCR-positive for Rickettsia, which may be specific to this species or area, since A. latum in other animals from other countries were all PCR-negative. A lizard (Varanus exanthematicus) from Tanzania had Amblyomma exornatum ticks, and was positive for Ehrlichia. Another lizard species (Iguana iguana) had Amblyomma dissimile ticks, which were all PCR-negative. A toad (Bufo marinus) from Panama carried Amblyomma rotundatum, which were PCR-positive for Rickettsia genes.
Sequencing and phylogenetic analysis of rickettsial and ehrlichial genes
All 51 Rickettsia 17-kDa antigen gene fragments, 36 of 47 gltA gene fragments, 6 of 26 ompA gene fragments, and all 7 Ehrlichia groEL gene fragments were successfully sequenced (S1 and S2 Tables).
Phylogenetic analysis of the SFG showed high diversity in the detected rickettsial genes, except for those originating from Panama, which were phylogenetically placed in the ancestral group (Figs 1, 2 and 3 ). Many of the detected genes showed 100% identity to known Rickettsia species; all Ghana isolates and Rickettsia hoogstraalii (17-kDa antigen and gltA), Madagascar-AL94-R and Rickettsia sp. Ae-8 (17-kDa antigen and ompA), ZambiaAS64/66/120-R and Rickettsia africae (17-kDa antigen and gltA), ZambiaAS63/65/124-R and Rickettsia raoultii (gltA), PanamaAR121/122-R and Rickettsia belli (17-kDa antigen and gltA), and RussiaHA67-R and R. africae (17-kDa antigen).
Other rickettsial DNA sequences were new and widely located in the SFG Rickettsia phylogenetic clusters (Figs 1, 2 and 3 ). ZambiaAS63/65/71/124-R and JordanHA83-R showed high similarity in 17-kDa (97.9%) and gltA (99.1%). ZambiaAS62/119-R and JordanAC128-R are possibly same species, since 17-kDa and ompA were 100% identical and gltA was 99.7% similar.
In the Ehrlichia groEL gene (Fig 4) , 100% identity was found between ZambiaAS57-E, Ehrlichia sp. HF565, and Ehrlichia sp. Anan; ZambiaAS69-E and Ehrlichia chaffeensis; and ZambiaAS74O/74S-E and Candidatus Neoehrlichia mikurensis. Other new ehrlichial sequences were in the same phylogenetic cluster (Fig 4) .
Discussion
This study revealed that rickettsial and ehrlichial organisms are transported into Japan from abroad through imported exotic animals. The isolates we detected included agents that have known potential to infect humans and animals. The international migration of rickettsial and ehrlichial pathogens is not only a problem for Japan but is also an urgent global issue as the numbers of reported cases are increasing dramatically [1] . There is currently insufficient monitoring of the export and import of reptiles and amphibians both in Japan and elsewhere, and information required to enforce monitoring is lacking.
The rickettsial genes were detected at comparatively high rates in reptile-and amphibianassociated ticks; by contrast, the Ehrlichia-specific genes were detected at low rates, and the Anaplasma-specific gene was not detected at all in this study. There was no correlation in tick, host, and country of origin for the positivity of multiple genes. The difference in detection rates of each PCR was probably due to differences in the sensitivity of the primer sets. However, our target was not restricted to pathogens with known sequences but rather to a wide variety of Rickettsiaceae and Anaplasmataceae species that may have variable sequences; therefore, it is difficult to evaluate the sensitivity of detection of each PCR. Importantly, many of the detected rickettsial and ehrlichial genes were highly similar to genes of known human and animal pathogens. Thus, the detection of pathogenic organisms in ticks feeding on imported animals that are exempt from quarantine has impacts for both human and veterinary medicine.
Isolates from Ghana all had identical sequences, and showed 100% similarity to Rickettsia hoogstraalii, which was detected only from A. transversale but not from A. latum. These ticks were collected from a single host animal, suggesting that A. transversale is a specific tick host for Rickettsia. This result shows that R. hoogstraalii has a wide tick host affinity and geographical distribution, as previously reported for Haemaphylus sulcata from Croatia and Carios capensis from the United States [18] . Similar sequences to R. hoogstraalii have been detected in Japan from C. capensis (accession number AB242434). The pathogenicity of R. hoogstraalii has not been reported.
Isolates from Zambia, found in one tick species from one host animal species, had a variety of sequences in both the Rickettsia and Ehrlichia genes. Interestingly, most of the human pathogens detected in this study were from Zambia. We identified four human pathogens in ticks from Zambia: Rickettsia africae, Rickettsia raoultii, Ehrlichia chaffeensis, and Candidatus Neoehrlichia mikurensis. Infections of the two Rickettsia species were not reported in Japan, except from imported cases, whereas the two Ehrlichia species were previously detected in Japan but only in animals [13, [19] [20] [21] . R. africae causes African tick bite fever, a disease characterized by fever and multiple eschars [22] . Although relatively mild and not known to cause mortality, African tick bite fever, which is endemic in sub-Saharan Africa and the French West Indies, is an important emerging disease and is one of the most common forms of rickettsiosis in travel medicine [22] . African tick fever is transmitted principally by the ticks A. variegatum and A. hebraeum; in this study, genes from A. sparsum originating from Zambia showed similarity to the genes of R. africae, which suggests variation in the vector of transmission. Interestingly, H. aegyptium of Russia had a 17-kDa antigen fragment similar to that of R. africae, which may indicate the presence of a unique Rickettsia species. R. raoultii is pathogenic to humans, with cases of infection with eschar-associated spotted fever and tick-borne lymphadenopathy described in previous reports [23, 24] . E. chaffeensis is the causal agent of human monocytic ehrlichiosis, an acute febrile systematic illness [25] . Candidatus Neoehrlichia mikurensis is also known to cause febrile disease in humans [26] . These two Ehrlichia species are known to infect mammals [20, 21] but not in humans in Japan.
Genes from other potentially pathogenic organisms also showed high similarity to those isolated from the ticks in this study. Ehrlichia sp. HF565 and Ehrlichia sp. Anan, which showed 100% identity to an isolate originating from Zambia (ZambiaAS57-E), may potentially be pathogenic to humans based on their close genetic relationship to E. chaffeensis [27] . An isolate originating from Madagascar was 100% identical to Rickettsia sp. Ae-8, a strain of unknown pathogenicity isolated from A. exornatum in the United States, and is closely related to R. tamurae [28] , which is reportedly pathogenic in humans [29] . The tick Amblyomma rotundatum isolated from a toad (Bufo marinus) originating from Panama had 100% similar sequences to Rickettsia bellii. R. bellii does not belong to the SFG but rather to an ancestral group, and although its pathogenicity to humans has not been reported, animal infection is known to occur [30] . R. bellii has been reported from many different tick species in the Americas [1] .
As previously mentioned, we detected pathogens that do not naturally exist in Japan. There has been no report of infection of these pathogens in reptiles and amphibians. However, pathogen carriage in ticks associated with reptiles could represent a serious public health threat to the country. Most of the reptiles and amphibians imported to Japan are speculated to be pet animals that are in close contact with humans or other animals. Therefore, even for the microbes of unknown pathogenicity, importing them through their vectors (ticks) and host animals carries a potential and considerable risk of causing emerging disease.
Although there are no reports on the infection of these agents in reptiles and amphibians, there are reports of human-pathogenic Rickettsia detected in reptiles, including R. honei, Rickettsia monacensis, and Rickettsia helvetica [3, 31] . Our results also suggest the potential presence of reptile-associated Rickettsia and Ehrlichia species. The ticks originating from Zambia and Jordan (ZambiaAS62-R and JordanAC128-R, and ZambiaAS71-R and JordanHA83-R) exhibited highly similar sequences in the 17-kDa antigen, gltA, and ompA genes. Other rickettsial and ehrlichial genes detected in the ticks were also closely related to each other. Phylogenetic analysis indicated that these new rickettsial isolates have potential to be pathogenic to mammals since they were placed within the SFG Rickettsia phylogenetic clusters. The sequences we detected in this study may help in the future identification of new Rickettsia or Ehrlichia species. It would be interesting to perform a comprehensive isolation study from these tick species and potentially reveal the presence of novel reptile-specific Rickettsia and Ehrlichia and their pathogenicity to mammals.
Of the tick species we examined, A. dissimile and H. aegyptium reportedly bite humans [32, 33] and potentially cause disease. The tick A. sparsum of Africa is one of the main vectors for the heartwater agent Ehrlichia ruminantium, as are A. variegatum, and A. marmoreum [34, 35] . The tick A. dissimile was shown to be capable of transmitting E. ruminantum under laboratory conditions [36] . Heartwater is a serious disease in cattle with high fatality. In the United States, C. ruminantium was detected in A. sparsum collected from tortoises imported from Africa [37] . In the present study, we detected genes in A. sparsum that were similar to those in R. africae, E. chaffeensis, and Candidatus N. mikurensis, which suggests the importance of preventing tick invasion from both a human medical and veterinary perspective.
This study shows the importance of vector surveillance in estimating the risk of emerging zoonoses, especially those causing rickettsial and ehrlichial diseases. However, further studies are needed to verify the prevalence of pathogens in the host animals (reptiles and amphibians) and confirm the risk of disease transmission. For example, evaluation of the tissue or blood samples of hosts and ticks may help to identify vectors and complete the cycle of disease transmission. Based on our results, we recommend establishing a management policy for the imported and exported pathogens or potential pathogens carried by ticks in animals exempt from quarantine in order to improve national and international public health.
Supporting Information S1 
